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ACCELERATION ELECTRODE ION IMPINGEMENT RESEARCH

Introduction

Positive ions and neutral atoms exit an ion thruster together by passing

through its ion acceleration electrodes (grid system). In so doing, the beam ions

are accelerated to a high velocity while the neutrals drift through at a much slower,

thermal velocity. These two groups of particles usually pass through the grid

system without interacting, but occasionally charge-exchange reactions occur. The

end result of each reaction is a fast moving neutral, ejected with a speed

comparable to that of the fast-moving beam ions, and a slow-moving

charge-exchange ion. The charge-exchange ion can, depending on the electric field

environment in which it is created, be accelerated into the negatively biased

acceleration electrode (the accel grid) or be drawn away from it. Typically, ions

accelerated into the accel grid will impinge with a substantial kinetic energy

thereby sputter eroding it. The lifetime of a grid system may be determined by the

extent to which this unavoidable, ion impingement process can be limited.

A typical pair of grid system apertures through which ions and neutrals pass

is sketched in Fig. la. A qualitative plot showing the variation of potential along

the centerline of these apertures is shown beneath the sketch in Fig. lb. As Fig. 1

suggests the ions, created upstream of the plasma sheath, are generally assumed to

begin the acceleration process where the potential begins to decrease at the sheath.

The ions that do not undergo a charge-exchange reaction are accelerated through

the region from the screen grid to the accel grid and are then decelerated as they
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exit from the accel grid. They reach a desired, high, final velocity in the ambient

space plasma where the potential is uniform and they are generally confined within

a beamlet envelope like the one shown in Fig. la. Following the convention

suggested by Staggs, Gula and Kerslake [1], the beamlet can be divided into the

three regions, shown in Fig. lb, within which the charge-exchange ions behave

differently. Those originating in Region 1 (upstream of the potential well) should

generally gain enough kinetic energy to escape the grid system, even though they

may be on rather divergent trajectories in some cases. Because they escape, these

ions would not contribute to the sputtering of the accel grid. The charge-exchange

ions created within Region 2 (the potential well) cannot escape into the ambient

space plasma, so they will be drawn into the accel grid and sputter erode it. Those

created in Region 3 would be expected to flow away from the grids as a result of

the force induced by the weak downstream electric field there. Peng, Keefer and

Ruyten have suggested that charge-exchange ions will have trajectories like those

indicated by the small arrows on Fig. la [2].

It should be noted that ions which originate at the plasma sheath can also

contribute to sputtering of the accel grid by striking it directly and, due to their

higher energies, they will erode it even more rapidly than charge-exchange ions. It

is important to distinguish between this direct ion impingement component, which

develops when ion beamlets are not properly focused, and the charge-exchange ion

impingement component. The former can be reduced to a negligible level through

proper design and operation of the grid system. The latter, on the other hand, can
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be limited, but not eliminated,becauseconcurrention andneutral flow through the

grid system is a natural consequence of ion thruster operation. It is also noted that

charge-exchange ions that impinge on the accelerator grid are separated into two

groups, namely those created between the upstream boundary of the potential well

region and accelerator grid (Group A) and those created between the accelerator

grid and the downstream potential peak (Group B). In the experiments to be

described in this report, the current associated with the Group B ions could be

determined but that associated with Group A could not. Fortunately, Peng,

et. al. [2] suggest that those in Group B contribute most of the charge-exchange

impingement current.

When researchers began to use inert gases (xenon, krypton and argon)

rather than mercury in ground-based ion thruster tests, a general increase in the

ratio of the impingement-to-beam currents that was typically less than 0.25% to

about 1% was observed [3]. For example, a SERT II thruster [4] was modified

at Colorado State to utilize high perveance dished grids and a 2.8 mA impingement

current was measured when a 730 mA mercury ion beam was being extracted from

it (0.4% impingement-to-beam current ratio). Several years later essentially the

same thruster operating on xenon at about the same beam current exhibited an

11.5 mA impingement current (1.6%) [5]. While there were several possible

reasons why the switch from mercury to inert gases could have induced an increase

in the impingement-to-beam current ratio, a general rise in ambient vacuum

chamber pressures (and therefore the ambient neutral densities) was considered a
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likely cause. In the caseof the ColoradoState730 mA beamcurrent testsof the

modified SERT II thruster, a 4 #Torr ambientpressurewasmeasuredwith

mercury while 8 _Torr wasmeasuredwith xenon. The higherambientpressures

developedwith xenonbecauseit doesnot condenseasreadily on cold surfacesas

mercurydoesand it is thereforemoredifficult to pump. A comparisonof

computedcharge-exchange-inducedimpingementcurrentsfor both xenonand

mercury madeusinga first-order model [6] suggests,however, that the observed

increasesin pressuretend to be insufficient to explain the increasein impingement

current that is observedwith inert gases. Hencefurther investigationis considered

necessary. It is importantthat the differencebetweenresultsobtainedwith

mercuryand xenonbe explainedsoa reliable modelof the impingementcurrent

processcanbe verified and ground-basedthruster testscanbe usedwith confidence

to predict in-spacethrusterperformance.

The focusof the work describedhereinhasbeenon the impingement

currentdue to charge-exchangeions produceddownstreamof the acceleratorgrids

(i.e. Group B ions). The effort is directedat 1) the measurementof this current

for an ion thrusteroperatingover a rangeof conditions,2) the attainmentof an

understandingof the physicalprocessesinvolved and3) the developmentof a

modelbasedon this understandingthat canbe usedto computethis component of

impingement current for various propellants and under various operating

conditions. This report describes the current state of progress toward these goals.



Apparatus and Procedure

The key piece of apparatus being used in this study is a SERT II ion

thruster [4] that has been modified so it can be operated on xenon propellant at

high perveance levels. The specific changes made to the original thruster include

the installation of 1) a 0.64 cm diameter main hollow cathode, 2) separate main

and hollow cathode propellant feed systems, 3) a movable 0.64 cm diameter

hollow cathode neutralizer and 4) a set of high perveance, dished grids. These

grids have screen grid hole diameters, ds, of 1.9 ram; accel grid hole diameters,

d a, of 1.4 ram; a grid separation distance, tg, of 0.6 mm; a screen grid thickness,

ts, of 0.4 mm and an accel grid thickness, ta, of 0.5 ram. The main and

neutralizer hollow cathodes are made from 6.4 mm diameter tantalum tubes and

tungsten orifice plates and they have 1 mm and 0.76 mm diameter orifices,

respectively. Both of these cathodes utilize rolled tantalum foil inserts treated with

chemical R-500* and torroidal, tantalum keepers with inner and outer diameters of

4 mm and 2 ram, respectively.

As shown in Fig. 2, the neutralizer hollow cathode is supported by the tube

through which xenon expellant is supplied to it. This tube can be rotated to move

the neutralizer discharge from radial locations near the thruster centerline to ones

as much as 30 cm from the centerline. The neutralizer can also be moved axiaily

from the plane tangent to the accel grid at its centerline to a plane 50 cm

* R-500 is a double carbonate (BaCO3, SrCO 3) mixture that has been

manufactured by the J.R. Baker Chemical Co., Phillipsburg, N.J. but is no longer

made.
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downstream of the grid. Thus, the effects of neutralizer position on the production

of Group B charge-exchange ions can be studied. Although the neutralizer shown

schematically in Fig. 2 was used for most of the tests described here, one test was

conducted in which a separate plasma source located 2.7 m from the thruster on

the tank centerline was used to demonstrate the effect of a neutralizer located far

from the thruster grids.

The physical arrangement of the probes used to measure conditions in the

ion beam plasma downstream of the thruster are also shown in Fig. 2. These

probes can also be moved axially and they are mounted together in such a way that

they are each swept on an arc that passes through the thruster centerline at each

axial location. When the probes and neutralizer are at the same axial location, this

arc passes within a few millimeters of the neutralizer keeper position as shown in

the end view of Fig. 2. The probe assembly contains an emissive probe and two

Faraday probes and by moving them axially and radially, measurements can be

made with each probe throughout the region extending from near the thruster grids

to a plane 17 cm downstream of them and to radial locations 11 cm on either side

of the thruster centerline. One of these Faraday probes is sighted upstream (i.e.

towards the grids) and is used to measure ion beam current density profiles and is

hence designated the beam ion probe. Its sensor can be swept on arcs from 0.2 to

17 cm downstream of the plane tangent to the dished accel grid at the thruster

centerline. A second Faraday probe with its sensor sighted downstream (i.e. away

from the accel grid) can be swept on an arc at axial positions ranging from 0.6 to

8



17cm downstreamof the accelgrid at the thrustercenterline. This probeis

designatedtheambiention probeand it is usedto measureion currentdensity

profiles associatedwith ions flowing upstreamtoward theaccel grid. An ambient

ion currentdensityprofile, obtainedcloseto the accelgrid, is probably the most

important of thesedatabecauseit maybe representativeof the impingement

currentdue to GroupB ions. Finally, a floating emissiveprobe, which is usedto

sensepotentialprofiles in the beamplasma,canbe swepton arcsranging from

axial positionsof 0.2 to 17cm downstreamof theaccel grid tangentplane. The

sensorfor this probe, a 0.08 mm diametertungstenwire formed into a 3 mm

diameterloop, yieldsbeamplasmapotentialswith a goodresolutionon the scaleof

the beamdiameter,but not on the scaleon individual beamletsextractedby the

high perveancegrid setbeingused. The groundscreen,shownin Fig. 2, servesto

preventbeamplasmaelectronsfrom reachingthe thrusterbody. It wasdesignedto

lie closeto the accelgrid so it would not interfere with theprobesas they were

sweptradially throughplanescloseto thegrid.

The beamion andambiention Faradayprobesusedin this study were

identical, and the key physical featuresof the designare illustrated in Fig. 3.

They includea thin profile that facilitatessensor(collector)positioningascloseto

the accelgrid aspossiblewhenthe probeis facing downstream.The stainlesssteel

probebody is 4 mm thick and it is attachedto a 3.2 mm diametergrounded,

coppersupporttube. Copperis usedto providea high conductancepath for the

removalof the heatdepositedby the beam. This heatremovalcapability preventsthe

9
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significant temperaturerisesalong the tube and at the sensor, that can lead to a

loss of the electrical isolation needed to assure accurate measurement of the small

collector currents drawn into the probes. The 6.4 mm o.d. quartz tube that

surrounds the copper tube serves to prevent sputtering of the copper by beam ions.

The ion collector is made of molybdenum so errors caused by secondary electron

emission induced by beam ions will be minimized. In order to assure planar

electric fields at the collector, an 80% open area fraction nickel mesh with square

openings 0.24 mm on a side, was stretched over a 2.9 mm diameter aperture in the

stainless steel mask shown in Fig. 3. Each collector was held at a potential below

that of the neutralizer cathode so that energetic electrons from the neutralizer

cathode, that are present in the beam plasma, would be repelled and would not

therefore introduce an error in the ion current signal being measured. Frequently,

this requirement meant that the collector was held -20 V below ground.

An electrical schematic that shows the power supplies, the volt meters, and

the ammeters required to sustain and characterize the operation of the thruster is

given in Fig. 4. Included on this figure are meters that measure the screen

voltage, V+; the accel voltage, V_; the beam current, JB; the impingement current

(measured directly) Jid; the keeper voltage, VK; the keeper current, JK; the

discharge voltage, V D and the discharge current, JD" Also shown in Fig. 4 are the

supplies used to power the neutralizer hollow cathode discharge and the

instruments used to measure the neutralizer keeper voltage and current, V N and

JN; the coupling voltage, V C and the neutralizer emission current, JE"

11
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All experimentswere conductedin a 1.2 m diameterby 5 m long vacuum

chamberusingxenonasthepropellant. They were typically carried out by first

starting the ion thruster and neutralizer hollow cathodes and stabilizing their

operation at the desired propellant flow condition and keeper currents of 300 mA.

Next, the anode was biased positive, a discharge was established and the screen

and accel voltages were raised to their operating values (V+ = 1000 V and V. = -

500 V). Thruster operation was stabilized by controlling the discharge current to

maintain the desired beam current and biasing the neutralizer to realize a

neutralizer emission current that matched the beam current, i.e. ]'E = JB" All of

the pressure readings given in this report were measured using a cold cathode

gauge; the measured readings were all corrected to reflect the gauge calibration

factor for xenon. They are considered correct to within the typical accuracy of

cold cathode gauges (_ 100%).

Once thruster operation was stable, Faraday and emissive probe data were

collected in the beam using a computerized data acquisition system. This system

uses an XT compatible computer with an HP-IB interface card to communicate

with a Tektronix 7854 digitizing, dual-channel oscilloscope. The beam potential

data are collected with the system by positioning the floating emissive probe at a

given axial position and recording the potential at which it floats as a function of

radial position. At each axial position, 512 beam plasma potential data points are

recorded on one channel and 512 points, corresponding probe radial position,

which was measured as a voltage across potentiometer, are recorded on the second

13



channel. Both signalsare recordedsimultaneouslyas a function of time and the

time variable is eliminated later to obtain beam plasma potential vs. radial position

data. This data collection process is repeated at as many axial positions as desired

to yield the desired detail and extent of the beam plasma potential field throughout

the region downstream of the thruster.

The ion current collected by the beam ion Faraday probe is measured as a

function of radial position at any desired axial position using the same procedure

just described for the beam plasma potential data. Beam ion current density data

are obtained from measured ion current data by dividing each ion current data

point by the sensing area of the Faraday probe. Similarly, the ambient ion

Faraday probe can be used to measure the ion current density of low energy ions

in the ambient beam plasma as a function of radial position at any desired axial

position.

The accuracy of beam ion Faraday probe data can be checked by integrating

the beam ion current density data over the beam area and comparing it to the

measured beam current, JB" In the present experiments, beam currents determined

using these two independent methods generally agreed within 15%.

Interpretation and Comparison of Impingement Current Data

The data being collected is these experiments can be used to determine

accel grid impingement current in three independent ways. First, it can be

measured directly as the electron current, Jid, that must be supplied to the accel

14



gird to neutralizeions that impinge on it (Fig. 2). Second,it canbe determinedby

measuringthe "upstreamflowing" ambiention currentdensityprofile using the

ambient ion Faradayprobepositionednear theaccelgrid. This profile is then

integratedover theaccelgrid areato obtain thearea-integratedimpingement

current, JiA- A third impingementcurrent, Jiv, canbe found by integrating the

rate of charge-exchangeion productionover thevolume from which

charge-exchangeions aredrawn into the accelgrid. This volumeis definedasthe

one in which the grosspotentialgradientsare suchthat charge-exchangeions

would be expectedto be acceleratedtowardsand impingeuponthe accelgrid. The

first two of theseimpingementcurrentsaredeterminedthroughstraightforward

measurementand analysis,but the latter one is morecomplexandrequiressome

explanation. The rate at which charge-exchangeions areproducedin a volume v

is given by

Jiv = I e nn ni v o'¢e dV , (1)

Where e is the electron charge, n n is the neutral density, n i is the beam ion density,

v is the beam ion velocity, ace is the charge exchange cross section and v is the

charge-exchange ion extraction volume. Noting that the product "v n i e" is the

beam current density, Eq. 1 can be rewritten

Jiv = innJBacedV = IReedV , (2)

where Rce is the charge-exchange reaction rate per unit volume. This integral can

15



be evaluated as the product of the xenon charge exchange cross section (pertaining

to the beam ion energy), the beam ion current density and neutral xenon density

determined as a function of radial/axial position. This product is then integrated

over the charge-exchange ion extraction volume V, yielding the volume-integrated

impingement current, J;v" The needed cross section is available in the literature

[7], the beam current densities will be measured and the neutral densities will be

calculated. In general, the neutral density and beam current density will be strong

functions of radial position immediately downstream of the grids because ion and

neutral beamlets issue from each individual accel grid hole. The integration

indicated in Fig. 2 will as a result be difficult to carry out. In order to avoid this

difficulty, the approach used here will be to use mean beam ion current densities

and neutral densities (i.e those that do not reflect the detailed beamlet structures)

and a gross charge-exchange ion volume to evaluate Eq. 2.

In order to determine the appropriate gross charge-exchange ion extraction

volume for application in Eq. 2, it is generally assumed that charge-exchange ions

will be produced with negligible kinetic energy. In this case, the volume is the

one where beam plasma potential gradients are such that a newly produced

charge-exchange ion will be directed at the accel grid. These potential gradients

can be numerically determined from measured beam plasma potential data

presented in topological plot format like that for the hypothetical beam plasma

potential data shown in Fig. 5. The cross-hatched region in the plot represents a

first order estimate of the volume of interest. Downstream of this region, axial

16
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components of the beam plasma potential gradients are such that newly produced

charge-exchange ions would feel a component of force directed downstream.

Within the region, the opposite would be true, and the axial force component felt

by newly formed ions would be directed toward the accel grid. In this hypothetical

case, the downstream boundary of the charge-exchange ion extraction volume is a

plane perpendicular to the centerline, the radial boundary is cylindrical with a

radius equal to the beam radius and the upstream boundary is the accel grid

surface. When beam plasma potential maps are generated from experimental data,

they are not as well behaved as suggested by Fig. 5 and the downstream boundary

will typically not be planar. For this preliminary work, however, it was assumed

that it was planar and perpendicular to the centerline and that it passed through a

beam plasma potential peak that could generally be identified readily. This

procedure yields gross charge-exchange ion extraction volumes that are considered

to be about 20% greater than values that would be obtained if the curvature of the

downstream boundary were considered.

A more accurate value for the gross charge-exchange ion extraction volume

could be determined numerically, from a plot of measured beam plasma potential

data, by computing the trajectories of zero-velocity ions from many points

throughout the beam plasma region near the grids. The volume of interest would

then be the one within which the ions would be drawn to the accel grid. The

accuracy of this volume would be determined by the resolution of probe used to

measure the beam potential data. For this preliminary study, however, where first

18



order comparisons of impingement currents are being made, gross charge-exchange

ion extraction volumes like the one shaped as shown by the cross-hatched area in

Fig. 5 will be used to compute the volume-integrated impingement currents.

Estimates of the gross charge-exchange ion extraction volume are made

from experimental beam plasma potential data in the following way. First, the

experimental beam plasma potential points, needed to draw potential maps, are

interpolated using an inverse-distance-squared procedure [8] to obtain values for

beam plasma potential data at evenly spaced grid points. This procedure is

accomplished using the program "SURFER", and for the data included in this

report the grid size was held constant at 0.25 cm in both the radial and axial

directions. Next, these data are plotted in topological and 3-D surface formats

again using "SURFER". Finally, the axial distance to the downstream potential

peak is determined from the topological plot and the gross estimate for the volume

is computed using this distance.

The neutral density throughout the region downstream of the accel grid,

needed as input to Eq. 2, is computed rather than measured. This is accomplish

using a free-molecular flow model developed to predict the density distribution

downstream of a multi-hole, thin, planar plate through which neutrals flow at a

prescribed rate into a region that is at a prescribed ambient density far downstream

of the plate. The details of this model are described in Appendix A to this report.

Using the computed downstream neutral density distribution together with the

measured ion beam current density, charge-exchange cross section and the gross

19



estimatefor the charge-exchangeion extractionvolume, Eq. 2 canbeapplied to

computethe volume-integratedimpingementcurrent, Ji¥. This result can thenbe

comparedto the impingementcurrent measureddirectly, Jid, and the value

obtained by integrating the ambient ion current density adjacent to the accel grid,

JiA"

Results

Comparisons between accel grid impingement currents obtained by 1) direct

measurement, lid; 2) integrating the ambient ion current density (adjacent to the

accel grid) over the area of the accel grid, JiA, and 3) integrating the model of

charge exchange ion production over the charge-exchange ion extraction volume,

Jiv, were performed using data obtained from the modified SERT II ion thruster

operating at the conditions listed in the left-hand column of Table 1. Many of the

symbols used to define the operating conditions in the table are identified in Fig. 4.

Those which were not are the main propellant flow rate, riam, the propellant flow

rate through the hollow cathode, riac, and through the neutralizer hollow cathode

flow rate, riaN; the vacuum tank ambient pressure, Po, and the discharge chamber

propellant utilization efficiency, r/u. The final symbols (r N and ZN) define the

radial and axial coordinates of the neutralizer measured relative to the thruster

centerline and its intersection with the accel grid. Also shown for comparative

purposes are similar operating conditions associated with a test conducted several

years ago with essentially the same thruster operating on mercury.

Table 1 indicates that the directly measured impingement current was
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Table I

Modified SERTII Thruster OperatingConditions

PresentTest (Xenon) PreviousTest (Mercury)

V+ --- 1000 V I000 V

V. = -500 V -500 V

VD= 45V 32V

JD = 2.4A 1.8A

vK- 11v 8v

I K = 300 mA 300 mA

V N = 19 V 19 V

JN = 300 mA 200 mA

nam -- 180 mA eq. (Xe) 270 mA eq. (Hg)

rn e = 90 mA eq. (Xe) 160 mA eq. (Hg)

a N = 90 mA eq. (Xe) .....

Po = 3x106 Tort 3x10 "6 Torr

V c = -20 V -16 V

IB = JE = 230 mA 312 mA

Jid = 2.1 mA 1.6 mA

r/u = 84 % 73 %

rN =-10cm -5cm

z N = 1 cm 5 cm
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2.1 mA at the operating condition for the present test. Figure 6a shows the 3-D

surface plot of the ambient ion current density measured as a function of radius

and axial position using the ambient ion Faraday probe. Experimental data were

measured at axial locations beginning 0.6 cm downstream of the accel grid because

this was the closest to the grid that the probe could be positioned. The data shown

between this axial position and the accel grid (zero) were determined by

extrapolation. Figure 6b shows the axial variation in the area-integrated ambient

ion current obtained by integrating measured ambient ion current density profiles

over 1) the total measurement range, the circle symbols, (i.e. + 10 cm radii) and

2) the accel grid area, the square symbols, (i.e. + 7.5 cm radii). These data are

striking for the following reasons:

I. The area-integrated impingement current (JiA = 2.2 mA in Fig. 6b)

determined by integrating the ambient ion current density over the beam

area at an axial position of 0.6 cm from the accel grid is very close to the

directly measured impingement current (Jid = 2.1 mA).

2. There is the evidence of a sharp peak in the ambient ion current density

near the neutralizer (r N = -10 cm, z = 1 cm in Fig. 6a) that one would

expect on the basis of accel grid erosion that has been observed when a

neutralizer is located close to the accel grid [9].

The fact that the values of Jid and JiA agree so well suggests the ambient

ion Faraday probe is indeed measuring the current density of charge-exchange ions

moving toward the accel grid accurately. This accuracy is surprising when one
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considers the fact that the probe itself is interrupting the beam ions and the sensor

is, therefore, collecting ambient ions in the probe wake. More work is considered

necessary to apply wake theory [10] to the ambient ion current density data so it

can be assured that they are being interpreted properly.

Beam ion current density data measured using the beam ion Faraday probe

when the thruster was operating at the conditions of Table 1 are shown in Fig. 7.

Figures 7a and 7b are, respectively, the 3-D surface and topological plots of the

beam ion current density measured downstream of the accel grid. The divergence

of the ion beam is reflected in the observation that the current density decays on

the centerline and increases at the outer radii. Note that the beam ion current

density data shown in Fig. 7a and 7b are identical and that the profile at zero (the

accel grid location) in these figures is determined by extrapolation from the profile

measured 0.3 cm downstream of this grid and shown in Fig. 7c. Note, however,

that Fig. 7c shows the profile seen by an observer looking upstream while those in

Figs. 7a and b are presented as seen looking downstream. In the case of these

particular data, the measured beam current, JB, is seen to be - 15% greater than

the beam current obtain by integrating the beam ion current density profile at the

accel grid IB,in t. In general, the measured beam was found to be the greater of the

two. The reason for this is uncertain, but it could be due to the fact that the mesh

covering the probe aperture has a transparency to beam ions that is less than the

physical transparency of the mesh.
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Neutral density maps computed using the approach of Appendix A at the

operating conditions of Table 1 are shown in Fig. 8. As the legend for this figure

suggests, a discharge chamber wall temperature (Tw) of 500 K and a vacuum tank

temperature (T o) of 300 K were assumed to obtain these results. It should be

noted that the model of Appendix A becomes accurate a few hole diameters

downstream of the accel grid. Hence, the data of Fig. 8 in the region between

there and the accel grid itself were determined by imposing a linear variation in

density from that at the aperture (determined using the sharp-edged orifice free

molecular flow model [11]) to those obtained using the methods of Appendix A

further downstream.

Combining the data presented in Figs. 7 and 8 with the charge-exchange

cross-section for 1000 eV xenon ions (39x10 -16 cm 2 [7]) into Eq. 2, the charge-

exchange ion production rate per unit volume (Roe) can be calculated as a function

of radial and axial positions downstream of the accel grid. For the case of

operation at the conditions of Table 1, the results of doing this are shown in

Fig. 9. This figure shows that the charge-exchange ion production rate is greatest

near the center of the accel grid and that it decays to near zero at the edge of the

ion beam. This result is consistent with experimental erosion pattems on accel

grids that show that charge-exchange ion erosion pits develop most rapidly near the

center of the accel grid [12].

The final step in the process of computing the impingement current by

integration of the charge-exchange ion production rate over the charge-exchange
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ion extraction volume, v, is to obtain an estimate of this volume. The beam

plasma potential data obtained using the floating emissive probe at the conditions of

Table 1, which are needed to make this estimate, are presented in 3-D surface map

and topological plot formats in Figs. 10a and b. They show a general trend for

potentials to decrease with axial downstream position from a maximum quite close

to the accel grid. They also show a dramatic drop in potential near the neutralizer

(located at an axial position of - 1 cm and a radial position of -10 cm). The beam

plasma potential profile measured adjacent to the accel grid is shown in Fig. 10c.

Note again that the profiles at z -- 0 in Figs. 10a and b are those that would be

seen by an observer positioned downstream, looking towards the ion thruster.

Figures 10a and b indicate that the potential gradients within about

-0.5 cm of the accel grid would direct charge-exchange ions towards the accel

grid. This value is consistent with the ion "deceleration length" of 0.6 cm

computed using the operating conditions of Table 1 and Kerslake's Model [6].

Using the data presented in Fig. 10b to determine the charge-exchange ion

extraction volume and evaluating Eq. 2, a volume-integrated impingement current,

Jiv, of 0.17 mA was obtained. This estimate of the impingement current is an

order of magnitude less than the impingement currents determined by direct

measurement (Jid = 2.2 mA) and by area integration of the ambient ion current

density (JiA = 2.1 mA) as indicated on Fig. 10. The reason for this difference is

not apparent, but it is important that it be found so test results obtained in ground
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testscanbe interpretedand extrapolatedmeaningfullyto the spaceoperational

environment.

In order to evaluatethe consistencyof the impingementcurrentdetermined

by thevolume integration,a secondexperimentwasconductedat the conditions

given in Table 1 a day after thedatapresentedin Figs. 6 through 10 were

collected. The topologicalmapsof beamplasmapotentialand thedirectly

measuredandvolume-integratedimpingementcurrentsassociatedwith this two

testsare comparedin Fig. 11. A comparisonof thesedatashowsthat the beam

plasmapotentialswere slightly different andthis changedthe valuesfor the

charge-exchangeextractionvolumes. Still, thedatawere in relatively good

agreementfrom oneday to thenext, sothe measuredandvolume-integrated

impingementcurrentsdiffered by more thanan order of magnitudeon bothdays.

This result suggeststhat thediscrepancybetweenthedirectly measuredand

volume-integratedimpingementcurrentsis not anomalous.

In anattemptto determineif neutralizeroperationhada dominantinfluence

on the impingementprocess,the hollow cathodeneutralizerdischargewas turned

completelyoff andthe changesinducedin thevariousprofiles and impingement

currentswere determined. In this test, the thrusteroperatingconditionswere held

at thevaluesgiven in Table 1, but the neutralizerkeepercurrentand flow rate

were reducedto zero. Under this condition, ion beamneutralizationwas

accomplishedvia secondaryelectronemissionfrom vacuumchamberwalls and

otherground-potentialsurfaceswithin thevacuumchamber. The topologicalbeam
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plasma potential maps and impingement currents determined in the three ways for

the thruster operating without a neutralizer are compared to those associated with

the standard data (Fig. 1 la) in Fig. 12. A comparison of the beam plasma

potential maps in Fig. 12 shows that extinguishing the neutralizer discharge induces

an increase in beam plasma potentials and causes the point of maximum potential

to move downstream to an axial position of -0.75 cm. This causes the volume-

integrated impingement current,/iv, to increase somewhat to 0.30 mA, but it is

still about an order of magnitude less than the directly measured impingement

current, lid , which remains unchanged. It is also noteworthy that the area-

integrated impingement current increased unexpectedly when the neutralizer

discharge was turned off. All of these results suggest inconsistencies that must be

resolved.

The effect of neutralizer position on the impingement currents was

investigated by moving the neutralizer from its original axial position of - 1 cm

downstream of the accel grid to an axial position 17 cm downstream of it. The

movable neutralizer was then turned off and a second neutralizer located 270 cm

downstream of the grids was turned on. Values of the impingement currents were

determined using the three different methods for neutralizer axial positions of 1,

17, and 270 cm downstream of the accel grid. The results, which are presented in

Fig. 13, show again that the directly measured and area-integrated impingement

currents agree well, but the volume-integrated value, which has been multiplied by

ten in the figure, is still an order of magnitude low. Further, the figure shows no
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consistent correlation between neutralizer axial position and impingement current

on the scale of the figure.

Finally, the effect of ambient background pressure, Po, on impingement

current determined using the three methods, was examined. The test was

conducted by introducing additional xenon directly into the vacuum system while

maintaining the flow rates into the ion thruster and the neutralizer. The data

needed to construct ambient ion current density profiles, beam plasma potential

maps and beam ion current density maps were measured and neutral density maps

were computed as a function of ambient tank pressure. Impingement currents,

determined as described previously, were found from these data and they are

shown in Fig. 14 as a function of ambient tank pressure over the range from - 3

to 9/_Torr. The data in this figure show the expected increase in impingement

current with ambient tank pressure. In addition, they continue to show relatively

good agreement between the directly-measured and area-integrated impingement

currents. The volume-integrated current, which has again been multiplied by ten,

is, however, still an order magnitude below the corresponding directly measured

and area-integrated values. The substantial decrease in the volume-integrated

current at 9 tzTorr was caused by a decrease in the charge-exchange ion extraction

volume. This volume is difficult to determine accurately because the peak

potential is generally located less than a centimeter from the accel grid. It is

considered likely that volume-integrated impingement currents at 9/_Torr do not
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follow the trend of the rest of the data because of an error related to the

determination of this volume.

Discussion of Impingement Current Results

There are a number of possible sources of error that could be causing the

order-of-magnitude differences that are consistently observed between the volume-

integrated impingement currents and those measured directly and determined

through area integration of the ambient ion current density. Some of these sources

of error are much more likely to be important than others, but it is probably

instructive at this point to consider all that can be identified. Such errors are

reflected in the following list of possible deficiencies in the model or the

measurements:

1. The basic assumption that the processes of charge-exchange ion

production and ion attraction to the accel grid can be modelled in a gross

sense may be invalid. It may be necessary to examine these processes on

the scale of individual ion extraction holes and to then analyze data on this

scale to determine the total impingement current.

2. If it is possible to examine the process on a scale that is large

compared to the hole size, errors in the determination of the gross

charge-exchange ion extraction volume applied herein are considered likely.

Specifically, it is observed that the point of maximum beam potential,

which is used as a boundary for determining the volume, is near the limit of

resolution of the emissive probe technique being used to obtain it. This
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boundary could be determined more accurately by using grids with larger

hole diameters coupled possibly with a numerical technique for tracing the

trajectories of charge-exchange ions that are produced throughout the region

downstream of the accel grid. More accurate determination of the volume

is not, however, expected to cause it to increase by the order of magnitude

needed to bring the directly measured and volume-integrated impingement

currents into agreement unless the tracing process is carried out on the scale

of individual beamlets.

3. The assumption that charge-exchange ions are produced with zero

kinetic energy is open to question. If these ions are created with substantial

velocity components, they could overcome adverse potential gradients,

thereby reaching the accel grid from further downstream. The ions could

undergo upstream acceleration as a result of the charge-exchange reaction

itself in which a beam ion overtaking a neutral could attract the neutral

during the electron transfer process. Charge-exchange ions would also have

upstream velocities if they were produced from neutrals that had significant

upstream velocities before the reaction. Such neutrals might be formed as a

consequence of ion impact on vacuum chamber surfaces. Both mechanisms

should be examined further.

4. The assumption that the process of charge-exchange ion extraction is a

steady one could be invalid. Measurements made during the course of this

work show that potential fluctuations of order a few volts do occur in the
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beam plasma. The extent to which these fluctuations affect the magnitude

of the impingement current is not known, but one would expect the effect to

be influenced more by the characteristics of power supplies than by a

change from for mercury to xenon propellant. The effect is considered to

be potentially significant and worthy of additional study.

5. Wake-induced errors associated with Faraday probe measurements used

to obtain area-integrated impingement currents are considered likely, and

the magnitudes of these errors need to be investigated further. If large

errors do exist, the reason for the good agreement between area-integrated

and directly-measured results must be understood.

Other errors that are considerably less likely to yield the order of magnitude

changes that would be required to bring directly measured and volume integrated

results into agreement include the following:

6. Charge-exchange cross sections could be in error, even through data

from different researchers are in relatively good agreement [7].

7. Instrument mis-calibration could be causing errors in any measurement,

but all instruments have been calibrated repeatedly during the testing.

8. Secondary electron emission from the accel grid could cause an error in

the directly measured impingement current. The molybdenum grids used in

the experiments have a low secondary electron emission coefficient and

calculations suggest the error associated with this process should be less

than a few percent. It is also possible that material with a higher secondary
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electron emission coefficient has been sputtered onto the accel grid from the

vacuum chamber, but this should still induce a small effect.

Conclusions

Experimental apparatus and procedures, developed during the current grant

period, have been used to measure the accel grid impingement current of an ion

thruster directly and to calculate it from other measured data. It has been shown

that impingement currents can be calculated by integrating the ambient ion current

density over the area of the accel grid, and by integrating the charge-exchange ion

production rate over the charge-exchange ion extraction volume. Directly

measured impingement currents agree with those determined by area integration of

the ambient current density to within +_50%. Impingement currents determined by

volume-integration of the charge-exchange ion production rate are an order of

magnitude less than these values. Additional effort is required to interpret fully the

area-integrated impingement current data and to either develop a model based on

volume-integration of charge-exchange ion production that agrees with directly

measured impingement currents or to otherwise resolve the difference between

them.

Preliminary test results obtained at low beam currents suggest turning the

neutralizer off does not affect the impingement current significantly. The directly

measured impingement current increases linearly with ambient tank pressure, as

expected from both theoretical models and the experience of experimental

researchers.
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APPENDIX A

A Model of the Molecular Density Downstream of an Accel Grid

The neutral density throughout the region downstream of the accel grid of

an ion thruster can be computed numerically using a free-molecular-flow model of

the process. The accel grid is modeled as a multi-hole, thin, planar plate through

which neutrals flow at a prescribed rate into a region that is at a prescribed density

far downstream of the plate. The analysis involves the development of an

expression for the neutral density at any point downstream of a single hole. This

expression is then applied repeatedly to sum the contributions of each hole in the

plate at all downstream points. Finally, the background density of the neutrals is

added to the density due to flow through the grids to obtain the total density at any

location.

The expression for the neutral density distribution downstream of a hole in

a plate separating a region into which gas is supplied from a low pressure

downstream region is developed considering the physical arrangement of Fig. A1.

In order to simplify the analysis, it is assumed that: 1) the neutrals, which are

present within the source region at a uniform density ns, are in equilibrium with

the walls of the supply chamber at a temperature Tw, 2) the mean free path for

collisions between molecules is large compared with the diameter of the hole, 3)

the plate is sufficiently thin so that essentially none of the molecules collide with

the barrel of the hole, 4) the downstream region is sufficiently well-pumped so the

effect of molecules that backflow from the downstream region into the thruster
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through the grids can be neglected (i.e. the neutral density within the test chamber

is substantially less than that in the thruster) and 5) the region of interest is

sufficiently far downstream so that each hole in the plate can be treated as a point

source.

A portion of the neutrals with mass m that pass through a region of the hole

in the plate with differential area dAh will exit at an angle # from the normal to the

plate and will pass through a differential solid angle do_ in the manner suggested in

Fig. AI. Their flow rate per differential solid angle per unit of differential hole

area is given by [11]

where

d2 lqs 1
- n s _ cos(0)

doJ dAh 4_r s

(A1)

1 I 8kTw

is the mean thermal speed of these neutrals in any prescribed direction. Assuming

the atoms have no atom-atom momentum transfer collisions once they leave the

hole, they will pass through the differential area dA on a hemisphere centered on

the hole with a mean velocity _ -- _s at a differential rate dR = dlq s. Hence at

this location, the differential flow rate per unit solid angle per unit of hole area

will be

d21ql _ 1 ns _ cos(0) (A2)
do_ dA h 4_r
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Applying the definition of solid angle

d_ = dA
r 2 '

(A3)

Eq. A2 can be rewritten to obtain

d21q " =__1 ns_, cos(0) . (A4)

dA dA h 4_r r 2

Assuming the distance r is sufficiently great so that the angle 0 between the normal

to the source hole and the line between any point on that hole and the differential

area dA are about equal, Eq. A4 can be integrated over the hole area, Ah, to

obtain

dlq" _ 1 Ahnsb cos(0) (A5)

dA 4_r r 2

The differential neutral flow rate through the differential area dA is given by

dlq (A6)_=n0 ,
dA

where n is the neutral density at the differential area, dA, due to flow through the

hole. Equations A5 and A6 are combined to obtain the following expression for

the atomic density n at a point on a spherical surface a distance r and at an angle 0
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from a planenormal to a hole with areaAlawherethe densityis ns.

n - AhnsC°S(0) (A7)
47rr2

Sincethe atomic flow rate throughthehole lqh is relatedto the densityat the hole

by the equation

Eq. A7 canbe rewritten

lq =ns A h [_ (A8)

n = lqh cos(0) (A9)

Using this expression for the neutral density distribution downstream of a

single hole, the effect of flows through multiple holes on the density at a

prescribed downstream point "i" can be found by summing the contributions from

each hole. In order to do this, the accel grid is assumed planar and neutral

densities are calculated at points on a plane that is normal to the grid plane and

contains the thruster centerline as shown in Fig. A2. As the figure suggests, the

neutral density contributions due to holes in half of the grid are summed, and

symmetry is invoked to account for flow from the other half.

As Fig. A2 suggests, the distance r between the jth hole located at
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[Xh,j, Yh,j, 0] on the accel grid and the ith point located at [Xp,i, 0, Zp,i] on the

calculation plane is given by

2 _2 ,'/2 (AI0)
r = [(Xh, j - Xp,i) 2 + Yh,j + Zp,iJ

In addition, Fig. A2 shows that the cosine of the angle between the normal to the

hole and the radius vector r (i.e. cos(0)) is given by

cos(0) - zp'i - ZP'i (A11)
2 _2 _A

r [(Xh,j - Xp,i) 2 + Yh,j + Zp,il

Substituting Eqs. (A10) and (A11) into Eq. (A9) one obtains the following

expression for the density at point i due to flow from the jth hole

1_ h

nj(Xp'i ' ZP'i) = 4rb
Zp,i

3 (A12)

[( _ , + 2 + 2]_Xh,j Xp,ij 2 Yh,j Zp,i

This expression can be used to obtain the total neutral density at point "i"

downstream of the accel grid by summing the density contributions from each of

the holes in the accel half-grid and multiplying the result by a symmetry factor 7j.

This symmetry factor is 2 for all of the holes but those at y=0. The symmetry

factor for holes at y--0 is 1 because the plane bisects these holes. The density at

any point "i" due to flow through nh holes is computed numerically using

l_ h nh

n(Xp'i' Xp'i)- 4-_ _ YJ zp'i 3

j=l[( 2 2 ]_Xh,j- Xp,i) 2 + Yh,j + Zp,i

(A12)
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The true density must additionally reflect the contribution of the ambient

neutral density that exists in the vacuum tank at locations far from the thruster.

This density, which is determined by the ambient tank pressure, Po, and the tank

wall temperature, T O, through the perfect gas equation, must be added to the

results of Eq. A13 obtain the following final result.

1_ h nh

n (Xp, i Xp,i) - 4"¥'_ E "YJ zp'i + P°
' 3 kT o

x h,j - Xp,i )2 + Yh,j ÷ Zp,i

(A 14)

The significance of each of the terms in the above equation can be seen by

applying it to a typical thruster and typical propellants. For the operating

conditions of Table 1, the first and second terms in Eq. A14 yield densities of the

order 2xlO 11 cm -3 and lxlO 11 cm "3, respectively, for xenon and for the higher

flow rates of mercury the densities are and 4x1011 cm 3 and lxl011 cm -3,

respectively.
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